A new microporous porphyrin-based imide linked polymer, PyP, was synthesized in an m-cresol/isoquinoline mixture between a porphyrin and a naphthalene tetra-carboxylic dianhydride. The resultant amorphous polymer demonstrates a moderate surface area (S = 428 m 2 g −1 ) and CO 2 adsorption ability (3.5 wt%) and a CO 2 /CH 4 selectivity of 5.6 at 273 K/1 bar.
Introduction
Polyimides (PIs) have been mainly investigated as lightweight and flexible materials which are resistant to heat and chemicals. PIs are usually prepared by the reaction between a dianhydride and a diamine and the resulting polymers possess high tensile strength and can be used as flame retardants [1] . Porphyrins are rigid and symmetric macrocycles suitable for making porous organic frameworks such as covalent organic frameworks (COFs) [2] [3] [4] , metal organic frameworks [5] (MOFs), and porous organic polymers (POPs) [6] . Porphyrins are ideal candidates for nanoporous materials due to their light harvesting abilities and directionality, as illustrated by recent examples of their use within COFs and MOFs. Recently, POPs were shown to be an attractive alternative to MOFs due to their excellent thermal and chemical stabilities and great mechanical strength and because they can be easily synthesized from common organic reactions such as Suzuki and Sonogashira cross-coupling reactions, Yamamoto polymerization, and alkene and alkyne metathesis reactions [6] . POPs obtained by covalent bond formation instead of metal coordination MOFs exhibit better chemical and hydrothermal stabilities. The pore dimension of these porous organic polymers can be controlled by the appropriate choice of organic linkers. Over the past decade POPs and polymers of intrinsic microporosity (PIMs) [7, 8] and other conjugated microporous polymers (CMPs) have been developed using different chemical reactions. We have demonstrated that the use of COFs and POPs containing porphyrins connected by rigid imine bonds exhibits relatively high surface areas and CO 2 capture [9] [10] [11] [12] . The imide linkages of PIs are similar to those of other nitrogen containing frameworks such as zeolitic imidazolate frameworks (ZIFs) [13] and imine and benzimidazole linked frameworks [14] [15] [16] . The selective CO 2 adsorption in these frameworks over CH 4 or N 2 is believed to arise as a consequence of CO 2 -framework interactions through R-N( [17] . Porous aromatic polyimides were shown to possess high surface areas and selective CO 2 capture properties; however, there are only a few reports to date [16, 18, 19] and to the best of our knowledge CO 2 capture properties of a porphyrin-based polyimide system have not been reported.
Here we report the synthesis and gas adsorption properties of a porphyrin-based polyimide framework containing meso-tetra (4-aminophenyl) porphine Cu(II) (1) and 1,4,5, 8-naphthalenetetracarboxylic dianhydride (2) (Scheme 1). The PyP was synthesized by the condensation reaction between meso-tetra (4-aminophenyl) porphine Cu(II) and naphthalenetetracarboxylic dianhydride using isoquinoline as a base and m-cresol as a solvent (see ESI). This polycondensation reaction allows the preparation of an inherently porous polymer which was isolated in 64% yield as a purple powder. After repeated rinse with DMF, water, THF, acetone, and methanol, the polymer was purified by Soxhlet extraction for 12 h with dichloromethane as solvent, to remove any trapped monomers, and then dried under vacuum. The PyP exhibits CO 2 adsorption capacity of 3.5 wt% and CH 4 capacity of 0.32 wt% at 273 K, 1 bar, and an adsorption capacity of 0.4 wt% for H 2 at 77 K/1 bar. The chemical connectivity and composition of the PyP were characterized by several analytical methods such as infrared spectroscopy, solidstate 13 C CP-MAS NMR, surface area measurements, solidstate UV-Vis spectroscopy, powder X-ray diffraction, and thermogravimetric and elemental analyses.
Experimental Procedures
All chemicals and solvents were purchased from SigmaAldrich. Fourier transform infrared (FT-IR) spectra were recorded on a Perkin-Elmer Spectrum One infrared spectrometer (ATR). Field-emission scanning electron microscopy (FE-SEM) was performed on a Hitachi S-4800 fitted with an EDAX energy-dispersive spectrometry system by adhering sample on a sampling platform. Matrix-assisted laser desorption ionization time-of-flight mass (MALDI-TOF MS) spectra were recorded on Bruker benchtop microflex model using matrix trihydroxyanthracene. In order to determine pore textural properties including the specific Brunauer-Emmett-Teller (BET) surface area, pore volume and pore size distribution, nitrogen adsorption, and desorption isotherm on free-flowing amorphous PyP sample at 77 K were measured in ASAP-2020 adsorption apparatus (Micromeritics). The as-synthesized samples were degassed in situ at 160 ∘ C with a heating rate of 3 ∘ C/min under a vacuum (0.0001 mmHg) for 12 h before nitrogen adsorption measurements in order to ensure that the microchannels in the structure were guest-free. The Brunauer-EmmettTeller (BET) method was utilized to calculate the specific surface areas by using the nonlocal density functional theory (NLDFT) model, and the pore volume was derived from 
Synthesis of PyP
meso-Tetra(4-aminophenyl)porphine Cu(II) (0.2 g, 0.27 mmol) and naphthalenetetracarboxylic dianhydride (0.15 g, 0.54 mmol) were added to a dry two-neck flask containing a magnetic stir bar fitted to a reflux condenser. The mixture was stirred at 0 ∘ C in 20 mL m-cresol under N 2 flow until all the solids dissolved. The mixture was heated to r.t, and stirred at this temperature overnight. 5 mL of isoquinoline was added and stirred at 80 ∘ C for four hours, 180 ∘ C for 16 h. The reaction mixture was cooled down, and the precipitate was isolated from the solution by filtration, washed with DMF. Then the solid was grounded into a fine powder, which was subsequently washed copiously with methanol/acetone to give a purple powder. Yield: 64%. Elemental Analysis (%) calculated for PyP, theory: C (72.03), H (2.69), N (9.33), found C (71.49), H (2.12), N (10.64), respectively.
Results and Discussion
Fourier transform infrared spectroscopy (FT-IR) shows the disappearance of the N-H stretching frequencies of the mesotetraphenylamino porphyrin. The PyP polymer exhibited a strong stretching frequency at 995 cm −1 which is characteristic of the N-Cu vibration band which remained unchanged in the corresponding polymers and also showed a 60-70 cm −1 shift and a broadened peak in the carbonyl region of the polymer, corresponding to the naphthalenetetracarboxylic dianhydride ( Figure 1 ). The chemical linkages for polyimides were confirmed by the characteristic bands at 1780 and 1716 cm −1 due to the symmetric and asymmetric vibrations of the C=O group, and broad stretch at 1349 cm −1 corresponds to the stretching vibration of the C-N-C linkages. Also, the absorption bands for amino and anhydride were absent, indicating that the reactive groups have been completely polymerized.
The UV-Vis diffuse reflectance spectra ( Figure 2 ) showed broad peaks between 200 and 800 nm with maximum at 420 nm, which is a characteristic for porphyrins, whereas three separated bands with maxima at 560 nm, 590, and 620 nm were observed. The presence of porphyrin units in the PyP was confirmed by the appearance of broad Soret (420-454 nm) and Q bands (560, 590, and 620 nm). The solidstate 13 C cross polarization and magic angle spinning (CP-MAS) NMR spectra (Figure 3 ) also support the presence of porphyrin monomers in the polymer framework. The NMR spectrum exhibited a signal at = 151 ppm which corresponds to the N-C=O imide bonds, which was not present in the NMR spectrum of meso-tetraphenylamino porphyrin. Other peaks at = 131.3 and 93.7 ppm were assigned to the aromatic carbon atoms of the PyP by comparison with the spectrum of the porphyrin. 13 C CP-MAS spectra of the PyP and porphyrin display similar chemical shifts to other reported polyimide frameworks and porphyrins [15, 16, [18] [19] [20] .
Powder X-ray diffraction (Cu K radiation) was used to examine the crystallinity of the as-synthesized PyP. As expected, the diffraction pattern did not display any diffraction peaks indicating the amorphous nature of PyP. The scanning electron microscopy (SEM) image revealed a flakelike morphology of randomly aggregated particles of the PyP powder (Figure 4) . To measure the thermal stability of the PyP, the sample was placed in the thermogravimetric analyzer under a flow of air ( Figure 5 ). The TGA curve is similar to those of other reported imide/imine linked porous organic polymers, loosing 10% of the weight at 370 ∘ C and gradually decomposing at 500 ∘ C [16] . The porous nature of the PyP was further evaluated by N 2 and H 2 uptake measurements at 77 K/1 bar and CH 4 and CO 2 at 273 K, 298 K/1 bar. The fully reversible N 2 isotherm depicted in Figure 6 (a) shows a rapid uptake at low pressure (0-0.1 bar) indicating a permanent microporous nature and a gradual increase at higher pressures (0.1-1 bar). A surface area of 423 m 2 g −1 was obtained by applying the BET (Brunauer-Emmett-Teller) model within the pressure range of 0-1 bar. These values are comparable to those of triphenylamine-based polyimide frameworks [15, 16, [18] [19] [20] . The effect of framework interpenetration on the porous nature of the PyP was observable from pore size distribution using nonlocal density functional theory (NLDFT). Pore size distribution was estimated by fitting N 2 uptake isotherms using NLDFT and found two different pore sizes around 6Å and 11Å (Figure 7 ) and the pore volume from single point measurements was calculated to be 0.1 cm 3 g −1 ( / = 0.1). We believe that the two different pore sizes are due to interpenetration of the frameworks. As we stated earlier, crystalline and amorphous polymers containing nitrogen functionalized pore walls have shown enhanced CO 2 uptakes and selectivity. To investigate the impact of these parameters on the uptake of small gases such as H 2 , CH 4 , and CO 2 and the selective CO 2 adsorption over CH 4 , we measured isotherms ( Figure 6 ) and calculated their isosteric enthalpies of adsorption (Q st ) from Henry's constants ( Figure 8 ) and compared these values to those of recently reported nitrogen containing porous organic polymers. H 2 , CO 2 , and CH 4 isotherms are fully reversible and exhibit a gradual rise at low pressures. The PyP showed a moderate CO 2 uptake of 3.4 wt% at 273 K/1 bar which is lower than that of triphenylene-based imide networks measured at 195 K/1 bar [10] . To determine the binding affinity of PyP for CO 2 , we calculated Q st using the Van't Hoff equation (19.2 kJ mol −1 ). These values are slightly lower than those reported for organic polymers in general but lower than those of nitrogen-rich MOFs. The readily reversible sorption/desorption behavior and moderate Q st indicate that CO 2 interactions with pore walls are weak enough to allow for material regeneration without applying heat. We have also measured H 2 and CH 4 storage properties of PyP. H 2 uptake was only 0.4 wt% at 77 K and 1 bar (Figure 6(b) ), which is lower than that for other microporous organic polymers. Similarly, the measured CH 4 uptake was 0.32 wt% at 273 K and 1 bar (Figure 6(d) ). Both isotherms are completely reversible and exhibit a gradual rise at low pressure and reach maxima of 14−27 mg g −1 at 273 K and 9−19 mg g −1 at 298 K. Q st for CH 4 was calculated by using adsorption data collected at 273 K. At zero coverage, Q st is 13.9 kJ mol −1 . Based on these values we compared CO 2 uptake and selectivity over CH 4 to evaluate the potential use of PyP for selective CO 2 capture. At 273 K and 1 bar, CO 2 uptake is 3.4 wt%, whereas that of CH 4 is only 0.32 wt%. This preferential higher affinity for CO 2 could be potentially useful for CO 2 capture. We calculated the gas adsorption selectivities from the initial slope ratios estimated from Henry's constants. Journal of Chemistry 7
Calculation of Isosteric Heat of Adsorption
The adsorption enthalpy at zero coverage was calculated from Henry constant using the Van't Hoff equation as
is Henry constant and is temperature, plotting ln versus 1000/ .
Conclusions
In conclusion, we have synthesized, characterized, and described the use of an imide linked porphyrin-based porous polymer framework, PyP, for CO 2 capture. In addition to the promising selective CO 2 capture properties, this PyP also showed some storage capabilities for H 2 at 77 K and for CH 4 at 273 K.
